Predistortion of orthogonal frequency-division multiplexing (OFDM) ultra wideband (UWB) signals is proposed to mitigate the nonlinearity of Mach-Zehnder modulator used as electro-optical converter in direct-detection OFDM-UWB optical communication systems. Theoretical derivation of the predistorter characteristic is performed. Performance results in terms of error vector magnitude (EVM) obtained by numerical simulation of such OFDM-UWB system are presented and discussed. It is shown that 2.5 dB of improvement in the OFDM-UWB system performance can be obtained by using the presented predistortion technique.
INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) ultra wideband (UWB) radio signals have been recently proposed to deliver high definition audio and video contents to the end users through wireless broadcasting in short range environment [1] . The distribution of such signals to the users' premises using fibre-to-the-home (FTTH) networks allows overcoming the low UWB coverage area [2] . However, the performance of such systems is strongly dependent on the nonlinearities induced by the external modulator and PIN detector [3] .
In this work, it is shown that the transmission performance of OFDM-UWB radio signals in FTTH networks can be improved by limiting and predistorting the signal before electro-optical conversion. Performance improvement of coherent optical OFDM transmission systems, achieved by using the predistortion technique and hard clipping, is analysed in [4] . In this paper, a direct detection OFDM-UWB system is considered. System description and theoretical derivation of the predistorter characteristic are presented in Section 2, while performance results are presented and analysed in Section 3. Conclusions are presented in Section 4. Figure 1 . Block diagram of OFDM-UWB transmission system with predistorter. Figure 1 depicts the system setup used to analyse the distribution of OFDM-UWB radio signals in FTTH networks. The system is composed by the optical transmitter, the optical path and the optical receiver. The optical transmitter is composed of the OFDM-UWB transmitter, predistorter, Mach-Zehnder modulator (MZM), laser and optical filter (OF). In the OFDM-UWB transmitter, the binary data is mapped into blocks of N symbols, and each one of these blocks is applied to the IFFT block input to generate one OFDM symbol. Each OFDM-UWB symbol is composed by 128 subcarriers from which 100 subcarriers carry data information, 12 are pilots subcarriers, 10 are guard subcarriers and 6 are null subcarriers [5] . The guard time is added to each OFDM symbol and parallel-to-series conversion is performed. The in-phase (I) and quadrature (Q) components of the OFDM-UWB signal are then up-converted to the desired frequency. The optical path is composed of transmission fibre (TF) and noise loading block (NL). Optical receiver is composed of optical filter (OF), PIN and OFDM-UWB receiver. In the OFDM-UWB receiver, the I and Q components of the OFDM signal are down-converted and applied to the FFT block. The guard time is removed at the input of FFT block. Each FFT output block is applied to the equalizer to compensate for the channel induced distortion. After equalization, the symbols are converted to binary data.
SYSTEM MODELING
For low modulation indexes, the distortion induced by the MZM on the OFDM-UWB signal is negligible and the noise is the main performance impairment [3] . For high modulation indexes, the system performance is imposed mainly by the MZM-induced distortion [3] . A possible method for distortion reduction is by using an appropriate predistortion technique. Since the input-output power characteristic of Mach-Zehnder modulator is nonlinear and direct detection is used, we use a predistorter with a characteristic which is the inverse of the characteristic of MZM+PIN. At the output of the OFDM-UWB transmitter (point (1) at Fig. 1 ), the OFDM-UWB signal is labelled as V OFDM. The signal from the OFDM transmitter is applied to the predistorter. The predistorter has two operating regimes, depending on the input voltage. More precisely, for a specified range of the input voltage, the predistorter is mitigating the MZM nonlinearity. If the input voltage goes out that range, system performance is not improved. The signal at the predistorter output, V pd (point (2) at Fig. 1) , is then applied to the MZM. The optical power at the MZM output can be written as ( )
where E 0 is electrical field at the input of the MZM, V b is the MZM bias voltage and V π is voltage necessary to produce a π-phase shift in either of the two modulator's arms. In back-to-back with direct detection, the photocurrent at the output of the PIN is given by:
where R λ denotes the responsivity of the PIN. In the ideal case of absence of distortion, the signal at PIN output should be proportional to the OFDM signal, apart some additive constant level resulting from the MZM biasing:
where [ ] (1) and (2), by using the relation cos(x) = sin(π/2-x), the expression for predistorter output voltage can be written as:
The range of validity of expression (3) is determined by the values of the argument of arcsin function. An arcsin function is defined for argument values between -1 and 1; so, the predistorter compensates for MZM+PIN distortion for , the predistorter output is set to -1 and 1, respectively; therefore, the predistorter acts as a limiter on this range of voltage. As a consequence, the parameter K has also a function of signal limitation.
Figure 2: (a) Characteristic of predistorter for different values of K parameter, (b) Combined characteristic of predistorter, MZM and PIN for different values of K parameter.
The characteristic of the predistorter is shown in Fig. 2(a) . Fig. 2 shows that, for lower values of K parameter, we obtain a larger range of input voltage for which MZM+PIN nonlinearity is mitigated.
PERFORMANCE ANALYSIS AND DISCUSSION OF RESULTS
In this section, the performance of predistorted optical OFDM-UWB system is analyzed and performance results are presented. Error vector magnitude (EVM) is chosen as performance evaluation method. The EVM provides information on the magnitude of the symbols error of the received constellation of the OFDM signal when compared with the original non-distorted constellation [3] . EVM is evaluated as a function of the modulation index of the MZM. The modulation index is defined as m=V RMS /V b , with V RMS the RMS voltage of the OFDM signal applied to the predistorter and V b the MZM bias voltage. Figure 3 shows the EVM of the received OFDM signal, in decibel, as a function of the modulation index for different K values when noise is neglected. This theoretical situation allows analysing the range of modulation indexes for which the predistorter linearises effectively the system for each value of K parameter. Fig. 2 shows also the situation when no predistorter is used (dotted line), in order to be a reference for comparison. Back-to-back operation is considered. In the case when noise is neglected, for lower values of K parameter, extended range of modulation indexes for which distortion is effectively compensated is obtained.
Figure 3. EVM as a function of the modulation index for different K values when noise is neglected.
For K = 0.2, significant part of distortion is compensated. When noise is taken into account, it causes performance degradation. Fig. 4 (a) depicts EVM without predistortion as a function of the modulation index when noise is taken into account for different optical signal-to-noise ratio (OSNR) levels. Fig. 4(b) , 4(c) and 4(d) depicts the same situation as Fig. 4(a) , but for different levels of predistortion.
For smaller values of K, the optical power of the signal becomes lower and nonlinearity is mitigated; so, the noise becomes the limiting factor. As Fig. 4 shows, this is more evident for low levels of OSNR and for low modulation indexes. In Fig. 4 , it is also shown that, for lower modulation index, the performance is degraded when predistortion is used compared to the case when it is not employed. Also, the optimum modulation index, for which the system performance is optimised, becomes higher as the predistorter allows higher signal amplitudes for similar level of distortion. For higher modulation index, the influence of the limiter on performance is dominant, and noise influence on performance is reduced.
It is important to note that, for the optimum modulation index, the system performance depends only slightly on the K parameter. In fact, the system performance depends mainly on the OSNR along a large range of K. This can be seen in Fig. 5 . In Fig. 5 , dashed lines represent the case when predistortion is not used, and solid lines represent the case when predistortion is implemented. For lower OSNR ratios (11 dB), the system performance is improved by around 1 dB for all K values considered. For higher OSNR ratios, the EVM is improved by 2 -2.5 dB (Fig. 5(b) and Fig. 5(c) ).
Figure 5. EVM as a function of K for (a) OSNR=11dB, (b) OSNR=20dB, (c) OSNR=30dB

CONCLUSIONS
Performance improvement resulting from using a predistortion technique for OFDM-UWB systems with direct detection has been analysed. It has been shown that it is possible to significantly compensate MZM+PIN nonlinearity by using the predistortion technique proposed in this paper. The results obtained by numerical simulation show that, for lower OSNR ratios, an EVM improvement of 1 dB is achieved, while for higher OSNR ratios the EVM is improved by 2 -2.5 dB. Optimum modulation index, for which the system has the best performance, becomes larger when predistortion is used compared to the case when it is not implemented.
